1. Introduction {#sec1}
===============

Mitochondria are the primary regulators of cellular metabolism. These organelles efficiently generate useable energy in the form of ATP from different substrates via oxidative phosphorylation. As such, mitochondria play a critical role in many energy-requiring cellular processes such as apoptosis, autophagy, metabolic pathways, substrate oxidation, Ca^2+^ homeostasis, and aging [@bib1], [@bib2]. Indeed, decreased mitochondrial function also plays an important role in numerous pathologies such as cardiomyopathy, cancer, neuro-muscular degeneration, Alzheimer\'s disease, and type 2 diabetes mellitus (T2DM) [@bib3], [@bib4], [@bib5]. A diminished mitochondrial oxidative capacity in skeletal muscle tissue has frequently been reported in humans with T2DM and insulin resistance [@bib6], [@bib7], [@bib8]. More importantly, interventions that improve muscle mitochondrial oxidative capacity, such as exercise training, caloric restriction, and resveratrol supplementation have been shown to result in an improved metabolic health [@bib9], [@bib10], [@bib11]. However, increasing physical activity and reducing caloric intake, the most potent strategies to improve mitochondrial oxidative capacity, are not easily implemented by a mostly overweight or obese population. This increases the need for additional strategies to improve mitochondrial function.

MicroRNAs (miRNAs) are small non-coding RNA strands of approximately 20--22 nucleotides that provide a fascinating mechanism in coordinating complex programs of gene expression. miRNAs regulate the stability and translation of conventional messenger RNAs by base pairing with protein-coding transcripts [@bib12]. As such, miRNAs add an additional level of regulating gene expression and protein output [@bib13], [@bib14], [@bib15], [@bib16] and have been demonstrated to regulate numerous processes including cell function, development, and even aging [@bib13], [@bib17]. An abnormal expression of miRNAs may also contribute to pathophysiological phenotypes such as diabetes, cardiovascular disease, cancer, and neurological disorders [@bib18]. Intriguingly, miRNAs have been discovered that are located inside mitochondria (mitomiRs) [@bib19], and evidence for an active role of miRNAs in the regulation of multiple aspects of mitochondrial function is accumulating [@bib20], [@bib21], [@bib22]. In this context, miRNAs have been reported to be involved in the regulation of mitochondrial biogenesis, energy metabolism, and electron transport chain subunits [@bib23], [@bib24], [@bib25].

In addition, we recently showed that miRNA-199a and miRNA-214, two miRNAs that were markedly up regulated during myocardial hypoxia and elevated in cardiac biopsies from human heart failure patients, actively repress PPARδ, a well-known transcription factor in the regulation of mitochondrial metabolism [@bib26], [@bib27]. Interestingly, *in vivo* silencing of these miRNAs in an animal model with specific antagomirs (RNA-like oligonucleotides reverse complement to mature miRNAs) resulted in a restoration of PPARδ levels, a normalization of mitochondrial fatty acid oxidation and even a rescue of cardiac failure [@bib27]. However, although some reports exist, little is known about the role of miRNAs in the regulation of mitochondrial metabolism in skeletal muscle, a pivotal tissue in maintaining metabolic health.

We previously demonstrated the efficacy of a high-throughput screening method to identify compounds targeting different aspects of mitochondrial function [@bib28]. In the present study, we performed a similar unbiased, hypothesis-free screening approach in C2C12 myoblasts, using specific miRNA inhibitors. Top candidates were validated in fully differentiated C2C12 myotubes, leading to the identification of 19 specific, fully conserved miRNAs as positive modulators of mitochondrial metabolism when silenced. To render results relevant to humans, we next quantified the expression of these miRNAs in skeletal muscle biopsies of endurance-trained athletes, lean and obese sedentary subjects, and type 2 diabetic patients and found that the expression of 4 of our validated miRNAs showed a strong relationship with *in vivo* mitochondrial function in humans.

2. Results {#sec2}
==========

2.1. Optimization of C2C12 myoblast cell culture, transfection conditions and primary screen read-outs {#sec2.1}
------------------------------------------------------------------------------------------------------

For the primary screening of 724 miRNA inhibitors, we used the C2C12 myoblast cell line and first sought to ensure that the myoblasts would favor mitochondrial oxidative phosphorylation over glycolysis for their energy production. Thus, we compared a high glucose growth medium (HG) with a low glucose medium supplemented with oleic acid (LGO) and subsequently measured redox potential using the AlamarBlue^®^ dye, which is sensitive to the NAD^+^/NADH ratio, and extra-cellular acidification rate (ECAR), a marker for lactate production. Both redox potential and ECAR were substantially decreased when using LGO medium, by 33% and 57% respectively ([Figure 1](#fig1){ref-type="fig"}A), indicating that the LGO medium induced a metabolic shift from glycolysis to oxidative phosphorylation. It should be mentioned that Alamar blue is also used as a cell proliferation assay [@bib29]. However, since C2C12 myoblasts are a fast proliferating cell line, we are confident that the observed decrease is due to a change in redox potential and not due to low proliferation rates. Additionally, cellular ATP levels were similar between the two media types, indicating that the LGO medium is not detrimental for cell viability ([Figure 1](#fig1){ref-type="fig"}A). Therefore, the LGO medium was used for all screening purposes in C2C12 myoblasts.Figure 1**Optimizing cell culture and transfection conditions in C2C12 myoblasts**. (A) Redox potential, ATP level and extra-cellular acidification rate (ECAR) measured after 24 h of incubation in different media conditions. A reduction in glucose concentration and supplementation with oleic acid shifts cells towards a more oxidative metabolism (n = 4). (B) miRNA-206 luciferase reporter assay 24 h post-transfection with varying concentrations of miRNA-206 targeting locked nucleic acids (LNA). 150 nM of LNA results in the highest level of miRNA-206 silencing (n = 4). (C) Luciferase reporter assay for heat shock protein 60 (HSP60) transcription factor activity, corrected for renilla luciferase activity, after 24 h of doxycycline (15 μg/mL) treatment (n = 8). (D) Luciferase reporter assay for cytochrome C oxidase subunit 4 (COX4) transcription factor activity, corrected for renilla luciferase activity, after 24 h of resveratrol (1 μM) treatment (n = 8). Statistical significance was assessed using one-way ANOVA with Dunnett\'s correction for multiple testing, and is indicated with \*, \*\*, and \*\*\* representing p \< 0.05, p \< 0.01, and p \< 0.001, respectively. Graphs represent mean ± SEM.Figure 1

Next, we used a luciferase reporter plasmid with a binding site for the muscle-specific miRNA-206, a miRNA involved in muscle development and function [@bib30], to determine the optimal transfection conditions for miRNA silencing using locked nucleic acids (LNAs; short antisense oligonucleotides that are able to bind and target specific miRNAs). Transfection of C2C12 myoblasts with increasing concentrations of anti-miRNA-206 LNA resulted in a dose-dependent silencing of the targeted miRNA, with an optimal inhibitory concentration of 150 nM ([Figure 1](#fig1){ref-type="fig"}B). Furthermore, using a similar approach, we confirmed via miRNA qPCR that transfection with 150 nM of anti-miRNA-2016 LNA resulted in a robust and optimal miRNA silencing in C2C12 myoblasts ([Supplemental Figure 1](#appsec3){ref-type="fn"}). Therefore, this LNA concentration was subsequently used in the miRNA silencing screen in C2C12 myoblasts.

To identify miRNAs able to regulate mitochondrial metabolism in skeletal muscle, we included 5 mitochondrial readouts. ATP level, redox potential and mitochondrial membrane potential (ΔΨm) were already optimized in a previous study [@bib28]. Here, we added luciferase reporters for heat shock protein 60 (HSP60), a marker of mitochondrial unfolded protein response (UPR^mt^) [@bib31], and for cytochrome c oxidase subunit 4 (COX4), a mitochondrial respiratory chain subunit, used here as a marker of mitochondrial biogenesis. Doxycycline, a tetracycline antibiotic that inhibits mitochondrial protein synthesis and thereby induces UPR^mt^ [@bib31], was used as a positive control for the HSP60 luciferase assay. The natural compound resveratrol, known to induce mitochondrial biogenesis [@bib11], [@bib32], [@bib33], was used as a positive control for the COX4 luciferase assay. Twenty-four hours incubation with these two positive controls increased the luciferase activity of HSP60 and COX4 reporters by 1.9 and 2.8-fold, respectively, underscoring the sensitivity of these luciferase reporter assays ([Figure 1](#fig1){ref-type="fig"}C and D).

2.2. A miRNA silencing screen in C2C12 myoblasts {#sec2.2}
------------------------------------------------

We transfected C2C12 myoblasts with a miRNA inhibitor library (miRCURY LNA™), containing 724 individual mouse miRNA inhibitors ([Supplemental data file 1](#appsec2){ref-type="sec"}). The 5 mitochondrial readouts were measured 24-hours post-transfection. Good discriminative power was achieved for ATP level, redox potential and ΔΨm, with Z-factors of 0.76, 0.52, and 0.64, respectively ([Figure 2](#fig2){ref-type="fig"}A). The luciferase reporter assays had Z-scores below 0, indicating a lower discriminative power, i.e. these assays could result in more false positive and negative readouts. There was no significant correlation between the different readouts, demonstrating that these assays were non-redundant and complementary to each other ([Figure 2](#fig2){ref-type="fig"}B and C and Ref. [@bib28]).Figure 2**Screening of 724 miRNAs in C2C12 myoblasts**. (A--C) Screening of 724 miRNA inhibitors, using 5 functional readouts representing different aspects of mitochondrial function and oxidative cell culture conditions, i.e. low glucose concentration (1 g/L) and 1% oleic acid. Cells were plated at 2000 cells per well with the density being nearly confluent (90%) during the day of the assays. (A) Bandwidth separation of the cell-based assays. Plots represent the cumulative density of Z-scores of the raw values for all the points of the screening, including a positive control (benzethonium chloride). The ATP level assay had the best separation capacity with narrow peaks of the positive control and screening values on the density plot and a Z factor close to 1. (B--C) Correlations between 2 luciferase based assays show a poor level of relationship between the other parameters. (B) Pearson\'s ρ correlation coefficients and their corresponding regression r^2^ value were calculated for the normalized ratios of every parameter. (C) Spearman\'s ρ correlation coefficient was calculated for the correlation between rank orders of every parameter.Figure 2

miRNAs were considered hits when they induced signal changes superior to 2 standard deviations of the negative control (negative control A ± 2σ~Negative\ control\ A~), while also deviating from a normal distribution, i.e. when the observed quantile deviates from the theoretical quantile ([Figure 3](#fig3){ref-type="fig"}A and B). After applying this two-step approach, the selection requirements were met by 62 miRNAs, reflecting an average hit rate of 1.7% per assay. Hits were visualized using hierarchical clustering to show the different profiles of the hits, i.e. the combination of all mitochondrial parameters ([Figure 3](#fig3){ref-type="fig"}C).Figure 3**Hit determination of miRNA screen in C2C12 myoblasts**. (A) Graphs represent the normalized ratio of all the readouts, calculated as described in the method section. The black line indicates the limit of miRNA inhibitors that induced a change superior to Negative control A ± 2σ~Negative\ control\ A~, and the red line the limit of miRNA inhibitors that induced a change superior to Negative control A ± 3σ~Negative\ control\ A~. (B) Graphs represent quantile--quantile (QQ) plots, plotting the theoretical quantiles for each assay over the normalized ratio. miRNA inhibitors were considered hits when they induced changes of at least A ± 2σ~Negative\ control\ A~ and deviated from the normal distribution. The gray points correspond to the compounds inducing a change inferior to Negative control A ± 2σ~Negative\ control\ A~, the black points to a change comprised between the Negative control A ± 2σ~Negative\ control\ A~ and A ± 3σ~Negative\ control\ A~, and the red points to a change superior to and A ± 3σ~Negative\ control\ A~. (C) Hierarchical clustering of the 5 parameters for the 62 hits. miRNA inhibitors were considered hits when they induced changes of at least A ± 2σ~Negative\ control\ A~ and deviated from the normal distribution.Figure 3

2.3. Validation of identified miRNA hits in C2C12 myotubes {#sec2.3}
----------------------------------------------------------

In order to validate the identified miRNAs, we next performed a secondary screen with the 62 miRNA hits in fully differentiated C2C12 myotubes, a more advanced muscle cell model that resembles the post-mitotic adult skeletal muscle more closely. The smaller scale of this secondary screen allowed us to include additional functional mitochondrial readouts, i.e. basal and maximal cellular oxygen consumption rates, and additional time points (24 and 48-hours post-transfection). miRNAs were considered as hits when inducing signal changes superior to negative control A ± 2σ~Negative\ control\ A~ ([Figure 4](#fig4){ref-type="fig"}A).Figure 4**Hit determination and hierarchical clustering of miRNA validation in C2C12 myotubes**. (A) A subset of all readouts is depicted; graphs represent the normalized ratio of all the readouts, calculated as described in the methods section. The black line indicates the limit of miRNA inhibitors that induced a change superior to negative control A ± 2σ~Negative\ control\ A~, and the red line the limit of miRNA inhibitors that induced a change superior to Negative control A ± 3σ~Negative\ control\ A~. (B) Hierarchical clustering of the 5 parameters for the 44 hits. miRNA inhibitors were considered hits when they induced changes of at least A ± 2σ~Negative\ control\ A~.Figure 4

This secondary screen in myotubes confirmed 44 miRNAs as hits ([Figure 4](#fig4){ref-type="fig"}), i.e. miRNAs that, when silenced, induced a significant change in any of the mitochondrial read-outs at any time point post-transfection. Hierarchical clustering was used to identify groups of miRNAs that have similar effects on the different parameters ([Figure 4](#fig4){ref-type="fig"}B). Interestingly, 15 of the hits belonged to only 4 miRNA families; i.e. the miRNA-476 family (miRNAs 466f, 466 g, 466i, 466j, 467f, and 669o), the miRNA-17 family (miRNAs 18a-3p, 20a, 93-3p, and 106b-3p), the miRNA-34 family (miRNAs 34a-3p, 34b, and 34c-3p) and the miRNA-154 family (miRNAs 381 and 382). All members of the miRNA-17 and miRNA-476 families, except for miRNA-669o, induced HSP60 promoter activity, suggesting that the loss of these miRNAs resulted in the activation of UPR^mt^. Members of the miRNA-154 family were clustered together closely in [Figure 4](#fig4){ref-type="fig"} and induced HSP60 promoter activity, albeit only 48 h post-transfection ([Figure 4](#fig4){ref-type="fig"}B).

Finally, we carefully assessed all the 44 miRNA hits and excluded those that were not evolutionary conserved in humans. Additionally, hits without a significant positive effect on any of the mitochondrial read-outs in the validation tests were also excluded. The resulting set of 19 miRNAs was subjected to further analyses.

2.4. miRNA-34c-3p, miRNA-150-5p, miRNA-196b and miRNA-320a correlate to *in vivo* mitochondrial function in human skeletal muscle {#sec2.4}
---------------------------------------------------------------------------------------------------------------------------------

In order to translate our results to human skeletal muscle, we first aimed to identify human subjects with different mitochondrial capacity and metabolic health. Thus, we selected (from previous studies) four subject groups known to be associated with different mitochondrial abundance and oxidative capacity, including type 2 diabetic patients (T2DM), obese non-diabetic subjects (O), lean sedentary individuals (LS) and endurance-trained athletes (A) [@bib34], [@bib35], [@bib36], [@bib37]. In these subjects, we measured two markers of *in vivo* mitochondrial function, i.e. maximal aerobic capacity (VO~2~max) and phosphocreatine (PCr) recovery rate [@bib34], [@bib35], [@bib36], [@bib37].

VO~2~max was significantly different between all groups, with the exception of T2DM vs. obese, non-diabetic subjects ([Table 1](#tbl1){ref-type="table"}). The athlete group had a 2.44-fold (p \< 0.001), 2.15-fold (p \< 0.001) and 1.44-fold (p \< 0.001) higher VO~2~max compared to T2DM, obese and lean sedentary subjects respectively, while lean sedentary subjects displayed a 1.7-fold (p \< 0.001) higher VO~2~max compared to T2DM subjects. In addition, athletes had a 1.39-fold (p \< 0.05) and 1.73-fold (p \< 0.001) shorter PCr recovery time compared to obese and T2DM subjects, respectively ([Table 1](#tbl1){ref-type="table"}). Finally, T2DM had a 1.25-fold (p \< 0.05) and 1.33-fold (p \< 0.05) longer PCr recovery time compared to obese and lean sedentary subjects, respectively. Together these results show that, as anticipated, mitochondrial muscle capacity was poorest in T2DM and greatest in athletes.Table 1**Subject characteristics**. Values presented are mean ± SEM (n = 12 per group). Statistical differences depicted represent changes between the different groups. Significance was assessed using one-way ANOVA with Tukey\'s correction for multiple testing, and is indicated with \#, \$, \* and § representing changes compared to T2DM, obese, lean sedentary and athletic subjects respectively, and with 1, 2, and 3 symbols representing p \< 0.05, p \< 0.01, and p \< 0.001 respectively.Table 1T2DM^\#^Obese^\$^Lean untrained^∗^Athletes^§^Subjects12121212Age (yrs)58.64 ± 1.22^∗∗∗,§§§^57 ± 2.29^∗∗∗,§§§^21.91 ± 0.72^\#\#\#,\$\$\$^25.08 ± 1.25^\#\#\#,\$\$\$^BMI (kg/m^2^)32.37 ± 1.11^∗∗∗,§§§^30.83 ± 1.14^∗∗∗,§§§^21.84 ± 0.57^\#\#\#,\$\$\$^20.98 ± 0.44^\#\#\#,\$\$\$^Body fat (%)34.41 ± 1.76^∗∗∗,§§§^34.31 ± 2.17^∗∗∗,§§§^19.0 ± 1.03^\#\#\#,\$\$\$,§^12.76 ± 0.60^\#\#\#,\$\$\$,∗^VO~2~max (ml/min/kg)24.55 ± 1.24^∗∗∗,§§§^27.91 ± 1.36^∗∗∗,§§§^41.70 ± 0.50^\#\#\#,\$\$\$,§§§^59.97 ± 1.20^\#\#\#,\$\$\$,∗∗∗^PCR recovery (s)26.95 ± 1.79^∗,§§§^21.61 ± 1.35^§^20.22 ± 1.44^\#^15.58 ± 1.56^\#\#\#,\$^FPG (mmol/L)7.68 ± 0.215.56 ± 0.09^\#\#\#^5.00 ± 0.09^\#\#\#^5.13 ± 0.08^\#\#\#^

We next determined the expression of the 19 identified candidate miRNAs in skeletal muscle biopsies of these subjects and found that 8 were differently expressed between groups ([Table 2](#tbl2){ref-type="table"}). Thus, miRNA-196b-3p was expressed lowest in the athletes compared to all other groups, and was 1.70-fold (p \< 0.01), 1.57-fold (p \< 0.05) and 1.55-fold (p \< 0.05) higher in T2DM, obese and lean sedentary subjects respectively ([Figure 5](#fig5){ref-type="fig"}A). Furthermore, miRNA-320a was 1.32-fold (p \< 0.05) lower in athletic compared to T2DM subjects. Next, miRNA-150-5p was 1.68-fold (p \< 0.05) higher expressed in athletes compared to the obese/overweight subjects ([Figure 5](#fig5){ref-type="fig"}A). In addition, miRNA-106b-3p was expressed 1.37-fold (p \< 0.05) lower in athletes compared to obese subjects, miRNA-19a-3p expression was 1.89-fold (p \< 0.05) lower in athletes compared to obese subjects, and miRNA-21-3p expression was 1.77-fold (p \< 0.01) and 1.65-fold (p \< 0.05) lower in athletes compared to T2DM and obese subjects respectively. Furthermore, miRNA-30a-3p was expressed 1.38-fold (p \< 0.01) and 1.35-fold (p \< 0.05) higher in athletes and lean sedentary compared to obese subjects respectively, and lastly, Let-7f-5p expression was 1.31-fold (p \< 0.05) lower in athletes compared to T2DM subjects ([Supplemental Figure 2](#appsec3){ref-type="fn"}).Figure 5**miRNA expression levels between subject groups and correlations with *in vivo* mitochondrial function in human skeletal muscle**. (A) Figures (left panels) show correlations for miRNA expression levels plotted against *in* vivo measures for mitochondrial function, i.e. PCr recovery rate (seconds) and maximal aerobic capacity (VO~2~max) for all subjects, with the Spearman ρ and p-value given for each miRNA. (B) Relative miRNA expression (middle panels) in type 2 diabetic (T2DM), obese (O), lean sedentary (LS), and Athletic (A) subjects (n = 12). Significance was assessed using one-way ANOVA with the nonparametric Kruskal--Wallis correction for multiple testing, and is indicated with \*, \*\*, and \*\*\* representing p \< 0.05, p \< 0.01, and p \< 0.001 respectively. (C) Correlations between group means of relative miRNA expression and *in vivo* mitochondrial function (right panels). Values are means ± SD.Figure 5Table 2**miRNA expression per group**. Values presented are average fold change ± SEM (n = 12 per group), MicroRNA expression levels were quantified using the 2^-ΔΔCt^ method, normalized against housekeeping microRNA-423, U6 and SNORD48 gene expression and expressed relatively to microRNA expression of a lean subject. Statistical differences depicted represent relative changes between the different groups. Significance was assessed using non-parametric one-way ANOVA with Sidak\'s correction for multiple testing. Significance is indicated with \#, \$, \* and § representing changes compared to T2DM, obese, lean sedentary and athletic subjects respectively, and with 1 and 2 symbols representing p \< 0.05 and p \< 0.01 respectively. miRNAs marked with n/d were non-detectable.Table 2miRNAT2DM^\#^Obese^\$^Lean untrained^∗^Athletes^§^hsa-miR-106b-3p1.52 ± 0.171.45 ± 0.08^§^1.33 ± 0.101.06 ± 0.08^\$^hsa-miR-130b-5p1.09 ± 0.210.91 ± 0.131.03 ± 0.150.79 ± 0.08hsa-miR-196a-3pn/dn/dn/dn/dhsa-miR-19a-3p1.90 ± 0.391.75 ± 0.24^§^1.21 ± 0.130.93 ± 0.10^\$^hsa-miR-150-5p0.85 ± 0.080.71 ± 0.04^§^0.90 ± 0.051.14 ± 0.07^\$^hsa-miR-196b-3p1.67 ± 0.13^§§^1.55 ± 0.18^§^1.66 ± 0.17^§^0.99 ± 0.09^††,\$,∗^hsa-miR-381-3p3.50 ± 1.172.67 ± 0.491.84 ± 0.241.16 ± 0.25hsa-miR-204-5p2.18 ± 0.431.38 ± 0.201.33 ± 0.180,94 ± 0,06hsa-miR-20a-5p1.28 ± 0.261.13 ± 0.160.79 ± 0.080.62 ± 0.06hsa-miR-21-3p6.98 ± 1.56^§§^5.16 ± 0.48^§^3.57 ± 0.453.13 ± 0.45^\#\#,\$^hsa-miR-296-5p0.92 ± 0.080.91 ± 0.100.79 ± 0.050.77 ± 0.06hsa-miR-302b-5pn/dn/dn/dn/dhsa-miR-30a-3p0.64 ± 0.040.56 ± 0.02^∗,§§^0.76 ± 0.03^\$^0.78 ± 0.03^\$\$^hsa-miR-320a1.10 ± 0.10^\$^0.94 ± 0.050.90 ± 0.040.76 ± 0.05^\#^hsa-miR-34b-5p2.26 ± 0.302.19 ± 0.481.32 ± 0.191.61 ± 0.27hsa-miR-34c-3p1.23 ± 0.131.07 ± 0.190.90 ± 0.101.14 ± 0.17hsa-miR-376b-3p3.15 ± 0.293.37 ± 0.272.52 ± 0.362.69 ± 0.50hsa-miR-382-5p2.02 ± 0.371.63 ± 0.171.25 ± 0.131.24 ± 0.16hsa-let-7f-5p1.14 ± 0.07^\$^0.97 ± 0.030.96 ± 0.050.87 ± 0.03^\#^

Moreover, we performed a correlation analysis between the expression of these miRNAs and the *in vivo* measures of mitochondrial capacity, i.e. VO~2~max and PCr recovery rate. From the 8 miRNAs that were differentially expressed between groups, miRNA-106b-3p, miRNA-19a-3p, miRNA-21-3p, miRNA-30a-3p and Let-7f-5p either did not correlate with *in vivo* mitochondrial capacity, or were confounded by other parameters such age, BMI or fasting plasma glucose (FPG), as assessed by stepwise regression analysis. On the other hand, miRNA-320a, miRNA-150-5p, miRNA-196b-3p, and miRNA-34c-3p did correlate with *in vivo* mitochondrial capacity. miRNA-150-5p positively correlated with VO~2~max (Spearman ρ = 0.54, p \< 0.0001) ([Figure 5](#fig5){ref-type="fig"}B and C) while miRNA-196b-3p (Spearman ρ = −0.51, p \< 0.001) and miRNA-320a (Spearman ρ = −0.42, p \< 0.01) both negatively correlated with VO~2~max ([Figure 5](#fig5){ref-type="fig"}B and C). Of note, miRNA-34c-3p positively correlated with PCr recovery rate (Spearman ρ = 0.36, p \< 0.05) ([Figure 5](#fig5){ref-type="fig"}B and C); however, no differences in expression were observed across the four subject groups ([Figure 5](#fig5){ref-type="fig"}A and [Supplemental Figure 1](#appsec3){ref-type="fn"}). Stepwise regression analysis revealed that neither age, BMI, nor FPG were confounding factors for the observed correlations, further strengthening the association of miRNA-34c-3p, miRNA-150-5p, miRNA-196b-3p, and miRNA-320a expression with *in vivo* mitochondrial function.

Finally, to further investigate the role of these microRNAs in the direct regulation of mitochondrial function, we quantified -- upon silencing of the 4 candidate miRNAs -- the expression of 27 genes known to be involved in (the regulation of) various aspects of mitochondrial function such as fatty acid oxidation, mitochondrial dynamics, mitochondrial biogenesis and ETC complex formation. The data, depicted in [Figure 6](#fig6){ref-type="fig"}A, show the differential regulation of several of these genes following miRNA silencing. For example, silencing of microRNA-150-5p induced a ∼30% increase in both the expression of PPARGC1a, the well-known regulator of mitochondrial biogenesis and mitochondrial transcription factor A (mtTFA), a gene directly down-stream of PPARGC1a ([Figure 6](#fig6){ref-type="fig"}B). Target prediction software revealed that PPARGC1a is a target of microRNA-150-5p, further supporting the direct involvement of this microRNA in the regulation of mitochondrial function ([Figure 6](#fig6){ref-type="fig"}C).Figure 6**MiRNA-150-5p, miRNA-34c-3p, miRNA-196b-3p, and miRNA-320a alter the expression of genes involved in mitochondrial metabolism in C2C12 myotubes**. (A) Hierarchical clustering of the expression of 27 genes involved in different aspects of mitochondrial function, 24 h after individually transfecting LNAs directed against miRNA-150-5p, miRNA-34c-3p, miRNA-196b-3p, and miRNA-320a vs. negative control (NC). Blue and red represent down and up regulation, respectively (B) mRNA levels of miRNA-150-5p predicted target PPARGC1a and its downstream target mtTFA, 24 h post transfection with an anti-miRNA-150-5p. (C) Representation of the binding between the PGC-1α mRNA 3′UTR region and miRNA-150-5p in different species. Mean+/-SD, \*p \< 0.05; \#p = 0.06 (n = 3).Figure 6

3. Discussion {#sec3}
=============

About a decade ago [@bib12], [@bib13], miRNAs were identified as post-transcriptional regulators of gene expression and protein translation, by interacting with the 3′ untranslated regions (UTR) of mRNAs, thereby modulating the stability and translation of these protein-coding transcripts. Interestingly, several reports have indicated that miRNAs are present in mitochondria and may be important regulators of mitochondrial metabolism. In the current study, we employed an unbiased hypothesis-free screening approach to identify miRNAs involved in the regulation of skeletal muscle mitochondrial metabolism. To this end, we conducted a miRNA silencing screen in C2C12 myoblasts, validated our candidate miRNAs in C2C12 myotubes, and identified 19 candidate miRNAs that are putatively involved in the positive regulation of mitochondrial metabolism in skeletal muscle. Four of these miRNAs (miRNA-34c-3p, miRNA-150-5p, miRNA-196b-3p, and miRNA-320a) were tightly related to *in vivo* skeletal muscle mitochondrial function in humans, suggesting that these miRNAs are clinically relevant and may be interesting targets for the manipulation of mitochondrial function in humans.

Given the high-throughput nature of our primary screen (\>700 miRNA inhibitors, 5 mitochondrial readouts), we used undifferentiated C2C12 myoblasts. The myoblasts were provided with a low glucose media supplemented with oleic acid to ensure that the myoblasts were maximally relying on mitochondrial metabolism to meet their energy demands [@bib28]. This primary silencing screen in C2C12 myoblasts successfully identified 62 miRNA hits ([Figure 3](#fig3){ref-type="fig"}) that significantly altered at least one of the mitochondrial readouts when silenced, irrespective of the direction of change.

It has been shown that miRNAs and mitochondria both play important roles in the proliferation of myoblasts as well as in the differentiation into multinucleated myotubes [@bib38], [@bib39], [@bib40]. Furthermore, mitochondrial capacity and oxidative phenotype were shown to increase substantially over the course of the myotube differentiation process [@bib39]. Thus, other aspects than the direct link between miRNAs and mitochondrial metabolism may have interfered with the readouts of our primary silencing screen possibly leading to an over- or underestimation of the outcomes. Therefore, we next sought to confirm our miRNA hits in cultured, differentiated skeletal muscle cells (myotubes) of the mouse C2C12 myoblast cell line which resemble the adult, post-mitotic skeletal muscle more closely. This validation screen in differentiated myotubes confirmed 44 miRNA hits, i.e. miRNAs that -- when silenced -- had a significant effect on at least one of the readouts on one of the time points ([Figure 4](#fig4){ref-type="fig"}). Subsequently, to eliminate hits that are irrelevant for humans, we excluded miRNAs without a human homologue resulting in a list of 19 most promising miRNA candidates. Of these 19 candidates, 4 miRNAs (miRNA-34c-3p, miRNA-150-5p, miRNA-196b-3p, and miRNA-320a) were differentially expressed in subject groups varying in metabolic health and were tightly correlated to *in vivo* muscle mitochondrial function.

Silencing miRNA-34c-3p induced COX4 promoter activity in C2C12 myoblasts, ([Figure 3](#fig3){ref-type="fig"}C), strongly induced HSP60 promoter activity in C2C12 myotubes ([Figure 4](#fig4){ref-type="fig"}B), and although its expression did not differ between our subject groups, it did positively correlate with PCr recovery time in human skeletal muscle ([Figure 5](#fig5){ref-type="fig"}), indicating that increased miRNA-34c-3p expression relates to a reduced capacity to recover PCr stores. miRNA-34c has been reported to be increased in serum samples of a rat model for mitochondrial toxicity, i.e. rats that received a daily dose of rotenone, a complex 1 inhibitor [@bib41], strongly suggesting its secretion into the circulation as a mitokine [@bib42]. These data combined with our observations collectively show that a reduced miRNA-34c-3p associates with better mitochondrial function in cells, animal models, and humans and indicate that targeting miRNA-34c-3p could be a potential tool to improve skeletal muscle mitochondrial function.

miRNA-320a silencing induced HSP60 promoter activity in both C2C12 myoblasts and myotubes ([Figure 3](#fig3){ref-type="fig"}, [Figure 4](#fig4){ref-type="fig"}B), suggesting that silencing of this miRNA results in activation of mitochondrial protein quality control. Additionally, its expression was markedly decreased in athletes compared to T2DM subjects and also negatively correlated with VO~2~max ([Figure 5](#fig5){ref-type="fig"}), again demonstrating that decreased miRNA-320a associates with improved mitochondrial function. miRNA-320a has been linked to T2DM in multiple studies [@bib43], a disease repeatedly associated impaired mitochondrial function [@bib6], [@bib44], [@bib45]. A meta-analysis reported increased miRNA-320a concentrations in plasma of T2DM subjects [@bib46], and another study reported increased levels in an insulin resistant subject group compared to controls [@bib47]. Together, this points towards miRNA-320a as another potential target to improve mitochondrial function and metabolic health.

miRNA-196b-3p silencing reduced ATP levels in C2C12 myoblasts ([Figure 3](#fig3){ref-type="fig"}C), induced HSP60 promoter activity and slightly increased respiration in C2C12 myotubes ([Figure 4](#fig4){ref-type="fig"}B). Although this miRNA has not previously been identified as a regulator for mitochondrial function, its expression was also reduced in athletes compared to all other groups, and negatively correlated with VO~2~max ([Figure 5](#fig5){ref-type="fig"}). This underscores that lower expression levels of this miRNA are linked to an improved *in vivo* mitochondrial function, possibly via an increased mitochondrial protein quality control.

Finally, miRNA-150-5p silencing reduced ΔΨm in C2C12 myoblasts ([Figure 3](#fig3){ref-type="fig"}C), reduced COX4 and HSP60 promoter activity, and slightly increased basal respiration in C2C12 myotubes ([Figure 4](#fig4){ref-type="fig"}B). Furthermore, the expression of PPARGC1a and its downstream target mtTFA increased upon miRNA-150-5p silencing and target prediction software combined with the MitoCarta 2.0 database [@bib48] revealed the potential regulation of \>50 mitochondrial-related genes by miRNA-150-5p, including PPARGC1a. Additionally, the expression of miRNA-150-5p positively correlated with VO~2~max in humans and was also increased in skeletal muscle biopsies of athletes compared to obese subjects, indicating that increased miRNA-150-5p expression levels were associated with increased mitochondrial capacity in human skeletal muscle. In contrast to our findings, miRNA-150-5p was previously reported to be upregulated in T2DM subjects; however, this finding was based on microarray data and its expression was not validated using more quantitative assays, such as RT-qPCR [@bib43]. miRNA-150-5p has been suggested to be enriched in mitochondria of rat hippocampus [@bib49], supporting a role for miRNA-150-5p in mitochondrial metabolism. In addition, increased miRNA-150-5p expression has been reported in human plasma samples post-exercise, matching the increased expression in skeletal muscle of our athlete group and suggesting the secretion of this miRNA into the circulation [@bib50]. Taken together, these results support the notion that miRNA-150-5p plays an important role in the direct regulation of mitochondrial function in muscle.

In conclusion, we here performed an extensive screening of miRNA inhibitors in C2C12 myoblasts and C2C12 myotubes and identified miRNAs that are involved in the regulation of mitochondrial metabolism in skeletal muscle. Of these, we identified miRNA-34c-3p, miRNA-150-5p, miRNA-196b-3p, and miRNA-320a as clinically relevant candidates for the modulation of skeletal muscle mitochondrial metabolism in humans. Since mitochondrial function is linked to metabolic health and disease progression in both animals and humans, these miRNAs may be interesting targets for the treatment of chronic metabolic diseases. Furthermore, since certain miRNAs have been reported to be present in serum, they may potentially convey the presence of mitochondrial stress between different tissues as true mitokines, an area that warrants future investigation.

4. Methods {#sec4}
==========

4.1. miRNA inhibitor library and individual inhibitors {#sec4.1}
------------------------------------------------------

A mouse miRCURY LNA™ miRNA inhibitor library, containing 724 miRNA inhibitors was purchased from Exiqon A/S (Vedbaek, Denmark). miRCURY LNA™ miRNA inhibitor control/negative control A (Exiqon A/S, Vedbaek, Denmark), an aspecific LNA inhibitor, was used as negative control. This negative control (sequence: TAACACGTCTATACGCCCA) does not target any known mature mammalian miRNA of the online miRbase database.

4.2. C2C12 myoblasts culturing and transfection conditions primary screen {#sec4.2}
-------------------------------------------------------------------------

C2C12 mouse myoblast cells were obtained from ATCC (Manassas, Virginia, USA) and maintained below 80% confluence in high glucose growth media (Dulbecco\'s Modified Eagle Medium (DMEM) 4.5 g/L glucose supplemented with 10% FBS, 2% HEPES and 1% Non-essential amino acids). Cells were seeded at 2,000 cells per well in a volume of 50 μl high glucose growth media, in 384-well plates. Twenty-four hours after seeding, the cell media was changed to 40 μL serumless DMEM. Subsequently, we added 10 μl transfection reagent containing the miRNA inhibitors, a renilla reporter plasmid and either a COX4, HSP60 or a negative control luciferase reporter plasmid using lipofectamine 2000, according to the manufacturer\'s guidelines. The purchased miRNA inhibitor stocks were diluted to a concentration of 12 μM, and the final concentration for transfection (150 nM) was established in optimization experiments using increasing concentrations of a miRNA inhibitor against the muscle-specific miRNA-206.

Three hours post-transfection the cell media was replaced with 50 μL low glucose media (DMEM 1 g/L glucose with 10% FBS, 2% HEPES, and 1% Non-essential amino acids) supplemented with 1% oleic acid. Assays were typically performed 24 h after transfection.

4.3. C2C12 myotubes culture and transfection conditions validation screen {#sec4.3}
-------------------------------------------------------------------------

For the validation experiments in differentiated C2C12 myotubes, C2C12 myoblasts were seeded in 96-well plates at 25.000 cells/cm^2^ in growth media and reached full confluence in 24 h. Subsequently, differentiation was initiated by replacing the growth media for high glucose differentiation media (DMEM 4.5 g/l with 2% Horse serum, 2% HEPES and 1% Non-essential amino acids). The media was changed every other day, and mature myotubes were obtained after 5 days of differentiation.

At day 5 or 6 of differentiation, the cell media was changed to 40 μL serumless DMEM. Subsequently, we added 10 μL transfection reagent containing the miRNA inhibitors, a renilla reporter plasmid, and either a COX4, HSP60, or a negative control luciferase reporter plasmid using lipofectamine 2000, according to the manufacturer\'s protocol. The final concentration for transfection (25 nM) was established in optimization experiments using increasing concentrations of a miRNA inhibitor against the muscle-specific miRNA-206.

Three hours post-transfection, the cell media was replaced with 50 μL high glucose differentiation media. Assays were always performed at day 7 of differentiation, either 24 or 48 h after transfection.

4.4. Mitochondrial read-outs primary and validation screen {#sec4.4}
----------------------------------------------------------

### 4.4.1. ATP, membrane potential and redox potential {#sec4.4.1}

ATP levels were measured using Cell Titer Glo (Promega, Madison, WI, USA), by adding a volume of CellTiterGLO reagent equal to the cell media directly to the cells in culture. Directly afterwards, the plates were wrapped in aluminum foil and shaken for 10 min at room temperature. After another 5 min of stabilization at room temperature, luminescence was recorded using the Tecan infinity 500 (Tecan, Männedorf, Switzerland).

Mitochondrial membrane potential (ΔΨm) was measured using the fluorescent tetramethylrhodamine methyl ester (TMRM) probe (T-668, Invitrogen, Paisley, UK). Briefly, cells were incubated in fresh culture medium and TMRM was added to the culture medium at a final concentration of 100 nM for 45 min at 37 °C before washing with 50 μl of PBS. Finally, plates were read using the Tecan infinity 500 (Tecan, Männedorf, Switzerland) according to manufacturer\'s protocol.

The Alamar Blue assay (Life Technologies, Paisley, UK) was used as a marker for redox potential. AlamarBlue^®^ reagent was prediluted 2.5 times and 5 μL was added to every well, subsequently the plates were wrapped in aluminum foil and incubated for 3 h at 37 °C with 5% CO~2~. Finally, plates were read using the Tecan infinity 500 (Tecan, Männedorf, Switzerland) according to manufacturer\'s protocol.

### 4.4.2. Luciferase reporter assays {#sec4.4.2}

Luciferase reporter assays were performed using the Dual-Glo^®^ Luciferase Assay System (Promega) to assess HSP60 and COX4 promoter activity. Cells for the Dual-Glo luciferase reporter assays were cultured in white, clear bottom plates. On the day of the assay, a volume of reagent equal to the culture medium volume was added to each well and mixed on a plate shaker for 10 min at RT. Firefly luminescence was then measured using the Tecan infinity 500 (Tecan, Männedorf, Switzerland). To measure renilla luciferase activity, a volume of Dual-Glo Stop & Glo reagent was added to the culture media in each well (v/v) and mixed on a plate shaker for 10 min at RT. Unfortunately, 2 luciferase assay plates were lost due to technical malfunction, resulting in a partial lack of data with respect to HSP60 and COX4 promoter activity in the primary silencing screen in C2C12 myoblasts ([Figure 3](#fig3){ref-type="fig"}C).

As a negative control, negative control A was transfected on every plate and used for normalization purposes. Furthermore, cell death was induced with by adding 1 μM of the detergent benzethonium chloride as a positive control for reduced ATP levels, redox potential and ΔΨm [@bib51]. Readouts for ATP level, redox potential, TMRM, HSP60, and COX4 assays were obtained using a Tecan Infinite 500 (Tecan, Männedorf, Switzerland). All analyses were performed in duplicate.

### 4.4.3. Oxygen consumption rate measurements {#sec4.4.3}

Oxygen consumption rate (OCR) and extra-cellular acidification rate (ECAR) were measured in C2C12 myotubes using the Seahorse XF96 equipment (Seahorse bioscience Inc., North Billerica, MA, USA). At the day of the assay, the cell media was exchanged by 175 μL XF media according the manufacturer\'s guidelines and the cells were placed at 37 °C with ambient CO~2~ concentrations for 45 min. Subsequently, the assay was started and oxygen consumption rate was measured, 3 consecutive times with 3 min intervals, at basal conditions, after an oligomycin injection, and after an FCCP injection, both resulting in a final concentration of 1 μM. After the assay, the cells were washed twice with PBS, aspirated to dryness and stored at −20 °C for protein corrections. Protein concentrations were determined using the Bradford protein assay according to the manufacturer\'s guidelines.

4.5. Human muscle biopsies {#sec4.5}
--------------------------

Muscle biopsies were collected from 4 previously conducted studies, all performed at the department of Human Biology and Human Movement Sciences at Maastricht University [@bib34], [@bib35], [@bib36], [@bib37]. Four subject groups were included: 1) overweight/obese type 2 diabetic patients (n = 12); 2) overweight/obese, non-diabetic subjects (n = 12); 3) young, lean sedentary individuals (n = 12) and 4) young, endurance-trained athletes (n = 12). Subjects were selected on the availability of muscle tissue and data for *in vivo* mitochondrial function (PCr recovery) and maximal aerobic capacity (VO~2~max), and were subsequently selected in order for the groups to match for age and BMI (i.e. lean sedentary subjects vs. endurance-trained athletes and overweight/obese, non-diabetic subjects vs. type 2 diabetic patients).

All subjects were male, non-smoking, and weight stable for at least 6 months. All type 2 diabetic subjects were diagnosed with type 2 diabetes for at least one year, used metformin, and were allowed to use statins. The overweight/obese, non-diabetic subjects did not use any medication and were excluded if they suffered from uncontrolled hypertension, cardiovascular disease, or liver dysfunction, or if they had first degree relatives with type 2 diabetes mellitus. The overweight/obese type 2 diabetic patients and the overweight/obese, non-diabetic subjects were matched for age and BMI.

Lean sedentary subjects were included if they participated in no more than one hour of exercise per week for the last 2 years and if their VO~2~max was lower than 45 ml/min/kg. Endurance-trained athletes were included if they participated in endurance training at least 3 times per week for the last 2 years and if their VO~2~max was above 55 ml/min/kg. Lean, sedentary subjects and endurance-trained athletes were matched for age and BMI.

All biopsies were collected after an overnight fast and in the basal state (i.e. before any intervention). Subjects were instructed to refrain from physical exercise at least 3 days before the biopsy was taken.

4.6. Subject characterization {#sec4.6}
-----------------------------

### 4.6.1. Body composition {#sec4.6.1}

Depending on the study, body composition was either determined via hydrostatic weighing, using the method of Siri [@bib34], or via dual X-ray absorptiometry (DEXA, Discovery A; Hologic, Bedford, MA).

### 4.6.2. VO~2~max test {#sec4.6.2}

VO~2~max describes the maximal amount of oxygen that can be utilized by a subject, and this was assessed using an incremental bike-stress-test as described previously [@bib52].

### 4.6.3. *In vivo* mitochondrial function {#sec4.6.3}

*In vivo* mitochondrial function was determined as phosphocreatine (PCr) resynthesis rate, assessed by magnetic resonance spectrometry (MRS). All subjects underwent a ^31^P-MRS measurement which was performed on a 3T whole-body MRI scanner (Achieve 3T-X, Philips Healthcare) as previously described [@bib53]. In short, a 6-cm coil was positioned on the m. vastus lateralis and subjects performed knee-extension exercises inside the MRI on an MR compatible ergometer. The exercise protocol started with 1 min of rest, followed by 4 min of knee extension exercises, followed by a recovery period of 5 min. The initial weight was set at 50--60% of the maximal estimated knee-extension power output. MR settings included: repetition time of 4000 ms with a spectral bandwidth of 1500 Hz and an offset frequency of −1.9 ppm [@bib53].

4.7. Plasma analysis {#sec4.7}
--------------------

A fasted blood sample was drawn from the cubital vein and collected in EDTA containing tubes. After centrifugation, the plasma was frozen in liquid nitrogen, followed by long-term storage at −80 °C. Plasma glucose concentrations were determined using enzymatic assays on Cobas Bio Fara and Mira analyzers (glucose: hexokinase method \[Roche, Basel, Switzerland\]).

4.8. Quantitative PCR in human samples and C2C12 myotubes {#sec4.8}
---------------------------------------------------------

### 4.8.1. miRNA RT-qPCR in human muscle biopsies {#sec4.8.1}

In a sterile glass tube, 700 μL of Trizol was combined with 10--15 mg of frozen muscle tissue and homogenized with an Ultra Turrax for 1 min at 17.000 rpm. The Ultra Turrax was cleaned in between samples with chloroform, 100% EtOH and MilliQ. The homogenized sample was transferred to a 2 mL Eppendorf tube and placed on ice. RNA isolation was performed using the miRNeasy mini kit (Qiagen, Germany) according to the manufacturer\'s guidelines. However, to increase miRNA yield, the final eluate was again added to the column membrane and centrifuged at 10.000 rpm for 1 min; this procedure was repeated twice. RNA concentrations were measured using the Nanodrop (Biocompare, California, US), and quality was assessed using a bioanalyzer (Agilent Technologies, California, US). All samples had RIN values between 7 and 10. Subsequently, RNA concentrations were diluted to a concentration of 5 ng/μL with nuclease free water. The synthetic RNA spike-in UniSp6 was added, and cDNA was synthesized using the Universal cDNA Synthesis kit II (Exiqon, Denmark) according to the manufacturer\'s protocol. Isolated cDNA samples were analyzed using predesigned 384-well Pick-&-Mix miRNA PCR Panel plates (Exiqon, Denmark) according to the manufacturer\'s guidelines using a CFX384 Touch Real-time PCR detection system (Bio-Rad, the Netherlands).

### 4.8.2. RT-qPCR in C2C12 myotubes {#sec4.8.2}

Cells were washed with 1 mL cold 1xPBS and harvested in 700 μL Trizol reagent (Invitrogen, Breda, the Netherlands) and stored at −80 °C for later use. RNA was isolated using the RNeasy mini kit (Qiagen, Venlo, the Netherlands). RNA quantity and quality was assessed spectrophotometrically (ND-1000, Nanodrop Technologies, Wilmington, USA) with 6000 Nano chips (Bioanalyzer2100; Agilent, Amstelveen, The Netherlands). cDNA was synthesized using the High-Capacity RNA-to-cDNA Kit (Applied Biosystems). For the PCR, we used SensiMix SYBR Hi-ROX kit (Bioline, London, United Kingdom), and, for each PCR reaction. We used, 5 μL 2× universal master mix, 0.6 μL 10 μM forward and reverse primer, 1.3 μL nuclease-free water and 2.5 μL (20× diluted) cDNA sample per 10 μL reaction, with the following protocol: 50 °C for 2 min, 95 °C for 10 min and 40 cycles of 95 °C for 15 s followed by 60 °C for 1 min. Relative expression was calculated using the 2^−ΔΔCt^ method, comparing the expression of miRNA silenced C2C12 myotubes to C2C12 myotube transfected with Negative control A, using the geometrical mean of 36B4 and B2M as a reference. Heatmaps were generated from the average relative expression of 3 independent experiments, using R (R Foundation for Statistical Computing, Vienna, Austria).

4.9. Data analysis and statistics {#sec4.9}
---------------------------------

For the primary silencing screen, data were analyzed using the cellHTS2 package from R software (<http://www.r-project.org/>). ATP, redox potential, and TMRM data were normalized per plate using the normalized percentage of inhibition function (normalized ratio), calculated as follows: $x_{ki}^{NPI} = {{\mu_{i}^{pos} - x_{ki}}/{\mu_{i}^{pos} - \mu_{i}^{neg}}}$, where x~ki~ is a result point, $\mu_{i}^{pos}$ is the average for all miRNA inhibitor points and $\mu_{i}^{neg}$ is the average of the benzethonium chloride negative control points. Because the HSP60 and COX4 luciferase assays had less discriminative power with the negative control, data were normalized using the robust Z-score method. In short, the mean of all samples was subtracted from the sample measurement and divided by the mean standard deviation of all samples with the following formula: $Z = {{x_{i} - \mu_{x}}/s_{x}}$, in which x~i~ is the samples measurement, μ~x~ represents the mean of all samples, and s~x~ is the mean of all sample standard deviations. Z scores and Z factors were calculated from these normalized values. Theoretical quantiles were calculated from the normalized values using R software. To correct for variation in luciferase reporter transfection efficiencies, the luciferase reporter assay values were always corrected for total renilla signal, by dividing the firefly luciferase signal by the renilla luciferase signal. Compounds were considered as hits when inducing a signal change superior to negative control A ± 2σ~Negative\ control\ A~ and when deviating from normal distribution, i.e. when squared distance between observed quantile and theoretical quantile was above a certain threshold. This threshold was arbitrarily set at ${\widehat{\text{σ}}}^{2}$≥0.005 for assay readouts. Clustering of the 62 hits was performed on the Hierarchical Clustering module available on the GenePattern website (<http://www.broadinstitute.org/cancer/software/genepattern>), using Euclidean distance and single linkage as analysis parameters.

For the validation experiments in C2C12 myotubes, all miRNA inhibitors were corrected over the average signal of Negative Control A for each plate, resulting in a normalized ratio. Compounds were considered as hits when inducing a signal change superior to negative control A ± 2σ~Negative\ control\ A~. Furthermore, regarding the oxygen consumption rates, the average oxygen consumption rate was calculated from 3 repeated measures for basal and maximal respiration, and each well was corrected for total protein.

Relative miRNA expression levels were calculated using the 2^−ΔΔCt^ method and were expressed relative to one of the lean sedentary subjects. Furthermore, occasional outliers were removed using the ROUT method [@bib54]. Threshold values were equalized between all PCR runs. Furthermore, to correct for inter plate variation, we calculated the average of all inter plate calibrator Cq values of each plate. Subsequently, the calibration factor was calculated for each plate by determining the difference between the plate average and overall average. Finally, each plate was calibrated by subtracting the calibration factor from all plate Cq values.

Human miRNA expression data was correlated to *in vivo* read out parameters for mitochondrial function. Additionally, to determine that no confounding factors such as age and BMI were driving these correlations, stepwise regression analysis was performed. All correlation and stepwise regression analysis were performed using SPSS. Furthermore, because PCR data are generally not normally distributed, differences in miRNA expression between subject groups were assessed using one-way ANOVA with the nonparametric Kruskal--Wallis correction for multiple testing. Subject characteristics were analyzed using one-way ANOVA with Tukey\'s correction for multiple testing.

4.10. Study approval {#sec4.10}
--------------------

Skeletal muscle biopsies were collected from 4 previously conducted studies, all performed at the department of Human Biology and Human Movement Sciences at Maastricht University [@bib33], [@bib34], [@bib35], [@bib36]. The institutional medical ethics committee approved the aforementioned studies (clinical trial reg. no. [NCT00943059](ctgov:NCT00943059){#intref0020} [@bib33], NTR2002 [@bib34], [@bib35] and [NCT01298375](ctgov:NCT01298375){#intref0025} [@bib36]), and all participants gave their written informed consent prior to inclusion in the study.
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